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ABSTRACT 

The dynamic X-ray spectra from 28 to 254 keV of two simple, impulsive solar 
flares are examined together with Ha, microwave and meter wave radio obser- 
vations. When the effects of the photospheric albedo are taken into account, the 
X-ray spectra of both events are characteristic of thermal bremsstrahlung from 
single-temperature plasmas with lOkeV < T < 60keV. The symmetry between 
rise and fall, reported by Crannell et al. (1977), is found to hold not only for the 
intensity but also for the temperature and emission measure. The relationship 
between temperature and emission measure is that of an adiabatic compression 
followed by adiabatic expansion; the adiabatic index of 5/3 indicates that tlie 
electron distribution remains isotropic. Observations in Ha provide further 
evidence for compressive energy transfer, in that both flares show explosive 
expansion after the end of the intense X-ray spikes. Under the assumption that 
the X-ray and microwave emissions are produced in the same thermal plasma, 
the projected areas of the two flares are determined, and the volumes are esti- 
mated. Emission measure and electron densities for these events are found to 
be UgV ^ 10“*^ cm“^ and Ug 10^ cm"^ , respectively. The strong self-absorption 
of gyrosynchrotron radiation in a hot plasma is indicative of relatively low mag- 
netic field strengths, B « 100 G. The resulting high beta plasmas inside the 
source regions are shown to be consistent with the single temperature hypothe- 
sis. The nonthermal end phase observed in one event can be explained by the 
ejection of hot flare plasma or by a second stage acceleration process. 


♦Swiss National Science Foundation Fellow. 

♦♦Research supported by NASA Grant 21-002-316 at tlie University of Maryland, College Park. 
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ADIABATIC HEATING IN IMPULSIVE SOLAR FLARES 


1. INTRODUCTION 

The first rapid increase in tlie intensity of solar Rare radiation lasts typically 
between 5 and 100 s, This short duration of the impulsive phase has been the 
main argument for a nonthermal acceleration process (33owen et al . , 1964; Kane 
and Anderson, 1970; KahLer, 1975). The arguments against a thermal inter- 
pretation of the impulsive flare phase have been related to the duration because 
the heating processes have been assumed to be due to the dissipation of macro- 
scopic energy. The subsequent state of thermalization would be reached only 
after an appropriate relaxation time, for example tlie classical self-collision 
time for electrons in a plasma (Spitzer, 1962). Since in many situations this 
time is longer than the duration of the observed burst, the electron distribution 
would not be thermally relaxed. 

Apart from microscopic plasma turbulence which can lead to much faster relax- 
ation to a quasi -thermal state (e.g. Spicer, 1976), there is one and only one 
heating process which is not due to dissipation and therefore does not require 
subsequent relaxation: adiabatic compression , This reversible process does not 
change a Maxwellian distribution function, but only affects the temperature and 
density, which are related by the adiabatic equation. A process is adiabatic if 
the rate of heat loss is negligible compared witli the rate of compressive energy 
transfer. Rapid phenomena, such as the impulsive phase of solan flares, are 
likely to satisfy this criterion and may therefore be adiabatic. 

Chubb (1970) also mentioned adiabatic compression as a heating process which 
does not produce any nonthermal component in the electron spectrum. Tliis was 
however ignored by Kahler (1971), who argued against a thermal mechanism 
being responsible for impulsive solar flares. The only explicit approach to an 
adiabatic, albeit nonthermal, flare interpretation was made by Brown and Hoyng 
(1975) by applying the betatron acceleration process to the interpretation of the 
complex time profile of the great flare of 1972 August 4. Their assumption of a 
nonthermal electron distribution led to the result that a large fraction of the elec- 
trons must populate the power law distribution function above 25keV. Such a 
plasma does not deviate strongly from a thermal state at a temperature above 
20keV, because the mean electron energy is close to the mean energy of the high 
energy component. 

The tendency for short duration processes to be purely adiabatic malms it attrac- 
tive to investigate flare phases of short duration. This idea is supported by 
Chubb (1970) who found the spectrum of the impulsive X-ray phase of a disruptive 
prominence consistent with the bremsstrahlung spectrum of a plasma at a single 
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temperature. The same result was found for the majorily of 22 impulsive X-ray 
flares by Craimell et al. (1977), hereinafter referred to as Paper 1. 

Strong support for an adiabatic heating and cooling process comes from the sym- 
metry between rise and fall times of the impulsive X-ray bursts analyzed in 
Paper 1. The symmetry implies that tlie process responsible for the decay must 
be the same as the process wlaich determines the rise. Although this does not 
exclude dissipative processes over time scales much longer or much shorter 
than tlie rise and fall times, irreversible processes are unlikely to be respon- 
sible for the observed time structure of these events. Hence a reversible proc- 
ess must determine the dynamics of impulsive X-ray bursts. The only heating 
process which is both thermal and reversible is adiabatic compression. 

The occurrence of adiabatic processes can be tested by direct observation of the 
compression and expansion and by comparison of the changes observed simul- 
taneously in temperature and volume. Since the observed temperatures of im- 
pulsive X-ray flares are in the range 10 to 100 ke V, the observable radiation 
from the electron-proton plasma is coUisional and magneto-bremsstralilui^, 
the latter also being called gyrosynchrotron radiation. The optimum frequencies 
for observing both kinds of radiation are in the hard X-ray and microwave ranges. 
These observations are restricted mainly to the spatially integrated radiation of 
the whole flare region. Because the adiabatic equation of a single temperature 
plasma can be written in terms of temperature and spatially integrated emission 
measure, tests can be made from observations witliout spatial resolution. If 
they exist at all, single temperature situations are most likely to be present in 
simple flares. The impulsive flares of Paper 1 are favorable, because they 
show only single spikes; however, only the two largest events have sufficiently 
high photon rates to test the single temperature hypothesis and to allow a deter- 
mination of the dynamic spectra. Tliese two flares are discussed in Sections 3 
and 4. The results are consistent with an adiabatic flare source whose proper- 
ties are discussed in Section 5. In Section 2 an accurate approximation to the 
hard X-ray spectrum of a thermal source in the solar atmosphere is developed. 
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2. DERIVATION OF X-RAY FLARE PARAMETERS 


According to Tucker (1975), the differential X-ray flux of a thermal electron- 
proton plasma, emitting optically thin free-free radiation, is related to the tem- 
perature, T, and the emission measure, EM== n^V, where n^. is the electron 
density and V tlie volume of tlie source. At a distance of 150 • 10® Ion from the 
source the differential X-ray flux L T) in units of photons cm"^ s"^ keV"^ is 
given by 


EM 

l^CE.T) = 1.07 • gfp(E, T) exp(-E/T) (1) 

wher-e the photon energy, E, and T are in keV, EM in cm~^ , and the Gaunt factor, 
g{-f(E, T), is a dimensionless correction factor. 

Because we are interested in the exact relationsliip between EM and T as a func- 
tion of time, it is important to calculate them as accurately as possible, noting 
the difficulty that an overestimate of one quantity results in the underestimate 
of the other. Such an effect distorts any correlation between the two parameters. 
We have, therefore, improved upon the parameter-estimation teclmique pre- 
sented in Paper 1 by taldng into account the relativistic Gaunt factor and die back- 
scattering of photons from the photosphere. The effect of the finite energy reso- 
lution of the detector has been talcen into account for the steep spectra as shown 
in Section 4. The Gaunt factor and the photospheric albedo are discussed in tlie 
following subsections. 


2.1. The Gaunt Factor 

We have derived Gaunt factors for free-free emission from an optically tliin, 
thermal proton-electron plasma using tlie relativistic Maxwell distribution and 
the bremsstraMung cross section formula given by Koch and Motz (1959, Equa- 
tion 3BN). The resvilts for a range of temperatures and photon energies are 
shown in Table 1, togetlier with an empirical fit for the Gaunt factor gfj-(E, T), 
which is given by 


gff(E, T) « 0.90 



( 2 ) 


where 


a = 0.37 


^ 30 keV j-J® 
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Table 1 


Gaunt Factors gff(Et T), Compared With 
the Approximation of Equation (2) 



T = 15keV 

T = 30keV 

T = 50keV 

*^(keV) 

Exact 

Eq. (2) 


Eq. (2) 

Exact 

Eq. (2) 

10 

1.037 

1.063 

1.316 

1.35 

1.557 

1. 562 

15 

0.893 

0. 900 

1. 150 

1. 163 

1.381 

1.360 

20 

0.799 

0.800 

1.039 

1.046 

1.260 

1.232 

30 

0.679 

0.677 

0. 896 

0.900 

1. 100 

1.072 

50 

0.548 

0.549 

C.736 

0.745 

0.917 

0.900 

70 

0.474 

0.478 

0.645 

0. 658 

0.811 

0. 802 

100 

0.406 

0.413 

0. 558 

0.576 

0.713 

0.710 

150 

0.343 

0.350 

0.481 

0. 496 


0.618 

200 

0.307 

0.311 

0.438 

0.446 

0. 569 


300 

0.273 

0.263 

0.397 

0.384 

0. 523 

0.487 


2.2. Backscattering From the Photospheio 

The photospheric albedo due to Compton scattering of photons from a primarj' 
X-ray source has been shown to be important, mainly at photon energies near 
30keV (Tomblin, 1972; Santangelo, Horstman and Horstman-Morettl, 1973; 
Ganger and Petrosian, 1977; Bai aiid Ramatj', 1977). Because this energj’ is 
the lowest X-ray energy of data used here, the effect of the backscatU;rlng is a 
steepening of the source spectrum. The coefficient describing the intensitj- of 
the reflected photons depends on the spectrum of the primary photon source, on 
the energy of the reflected photons and on the angle 0 between the direction of 
observation and the normal to the photosphere at the position of the flare. 

For thermal spectra with temperatures between 20keV and 100 keV Bai and 
Ramatj- (1977, Figure 1) give a reflection cot^fficient R(E, T) averaged over all 
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directions 0 . The curves are well represented by the following functional form 
forR(E, T): 


vO.4 


0.21+0.31 


.30 keVy 


♦ En 0.5 + 


E 


14.3 keV- 


, 10keV<E<32keV ; 


R(E, T) = < 


T / E 

max-(0.0,0.3] (— — ) -0.34 En( — - ■ ) K E > 32 keV . 


(3) 


.30 keV/ 


,60 keV> 


B,(E, T) increases with increasing temperature and has a maximum at an energy 
E of 32keV. To find tlie reflection coefficient R(0, E, T) for a certain flare po- 
sition it is assumed tliat 


R(0,E,T) = CCe) • R(E,T) (4) 

Tliis simplification is a good approximation when we use the empirical function 
C(0) shown in Figure 1 as a function of sin Although for large values of 6 this 
approximation is not so good, the error in tlie total fliix due to Uiis approximation 
is negligible, because R(0 a; tt/ 2, E, T) is small. Note that R(E, T) can, in 
principal, be larger than unity, altiiough the mean value over all energies is less 
than unity. The total differential X-ray flux is given by 

1(0, E,T) = (1 + R(0,E,T)) • I,(E,T) (5) 
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Figure 1. The function C(0), describing the influence of the flare position 
on the albedo. is the radius of the sun and r is the distance oi me 
flare source from the center of the solar disk. 


6 


t 


T 


I 


I 



3. THE FLARE OF 1970 MARCH 1 


3,1. General Description 

Of the spike bursts presented in Paper 1, the Rare with tlie largest emission in 
H<r, in microwaves, and in X rays is the flare of 1970 March 1. TMs event is 
discussed here. 

The Ha flare starts at about 1126 UT in tlie brightest region of Me Math Plage 
10595, in the western solar hemisphere. The Rare structure is a system of 
loops in a nearly circular area mth a diameter of 50, 000km. After 1128 UT the 
Rash phase brightening is followed by an explosive phase reacMng a maximum of 
importance 2B two minutes later. In Figure 2 die Rare is shown in Ha at the 
beginning of the eiqilosive phase and at maximum, at, observed at the Zurich 
Obse3rvatoz'y. A gradual increase of botii hard X-ray and microwave emission 
(Figures 3 and 4) starts shorRy after 1126 UT togeRier with a series of type U 
radio bursts at frequencies between 180 and 400 MHz- The U-burst association 
is typical for those X-ray events in Paper 1 with correlated meter wave emis- 
sion. It is reasonable to assume that tlie X-ray Rare source is a plasma strongly 
confined by magnetic fields because U-burst exciters are generally believed to 
be electron beams traveling through closed coronal loops. Only during the in- 
tense X-ray maximum phase at 1127 :45 UT are large coronal heights involved 
in the Rare disturbance; this is shown by tlie broadband emission in the radio 
spectrogram of Figure 3 , in wMch the radiation extends to wavelengths of at 
least tip to 10 m. 

As shown in Figure 4, the 10. 5 GHz microwave and tiie relative X-ray fluxes of 
28 to 82keV photons agree very weR in their time profiles . The only deviation 
in Figure 4 takes place after 1128 when a microwave post-burst increase starts 
to dominate; at the same time the hard X-ray spectrum begins to deviate from 
that of a single temperature plasma, as is shown in Section 3. 2. 

The explosive expansion of the Ha Rare region at tlie end of the impulsive burst 
is connected with a strong shock resulting in type II burst i-adiation as shown in 
Figure 3 . That this phase is not correlated witii an eRective second stage ac- 
celeration is inferred from tlie lack of enlianced hard X-ray emission. 

Although tlie Rare position is favorable for direct particle observations, no par- 
ticle event is reported. Tins implies that the energetic particles are trapped 
in the closed magnetic Reids of tlie active region, a situation wliich favors par- 
ticle acceleration by a compressive disturbance. 
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Figure 2. Flure in lloon 1U70 March I at the |>ositiun N13, W31 (Solar Cn'upliysic;d Data). West is on 
tin* to|), north at the left of tlu‘ photographs. (CourU-s> of M. W.ildmeier, /urieh). 


000 



QN003S / SlNnOO (ZHIM) A0N3n03dd 


9 


Figure 3. Radiospoctrogram (Courtesy of H. Urbarz, Weissenau) and total count rate of 
the OSO-5 X-ray spectrometer. The reduced brightness in the range 85 to IGOMHz is 
due to a lov^vr sensit’vitj’ of the radio s|XJctronieter. 
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Figure 4. Microwave time profile at 10. 5 GHz with a time constant of 0.2 s (Courtesy of A. Magun, Bern) 
compared wth the X-ray fluxes of Channel 2 (28-55 keV) and Channel 3 (55-82 keV), normalized to the 



3.2. The Adiabatic X-ray Phase 


In Figure 5 the hard X-ray spectrum for the 2 s interval at time of maximuin is 
shown. Crosses represent tlie total observed flux, including tlie source plus 
albedo observed in Channels 2 to 8 of the OSO 5 spectrometer; circles with 
statistical uncertainties show the deduced source spectrum. It is compared with 
a best-fit bremsstrahlung spectrum of a plasma at the temperature T = 57keV. 
The lowest channel (14-28keV) is not Included, because its calibration is un- 
certain and strongly dependent on the actual low energy spectrum. Channel 9 
(225-2 54 keV) also has been excluded, because the statistical uncertainty is too 
large. The data of the remaining channels are plotted at their effective mean 
photon energies. The goodness of the thermal fit shown in Figure 5 is typical 
for the time between 1127:30 and 1128:00 UT, durir^ which the intensity in Chan- 
nel 2 is above 1/4 of maximum. The x^-tests of all fits together give a total 
value = 40 with the total degree of freedom Nj- = 52; the probability that the 
deviations of the data from thermal spectra are by chance is about 80%. At- 
tempted fits to po^ver law spectra for the same data have a total x^ = 107; the 
probability that the data deviate from power law spectra only by chance is less 
than 10“^ . The parameter fits were made as a function of time from a running 
mean over pairs of data samples. The temperatures, T 2 j , were calculated from 
the ratios of the fluxes in Channel 2 and Channel j; j = 3, 3max • uncertain- 
ties, AT 2 j> were determined from the statistical imcertainties in the fluxes of 
Channels j. The small uncertainty in Channel 2 and systematic errors due to 
the calibration of energy and efficiency were ne^ected. In Figure 6 the derived 
mean temperature and emission measure are plotted together -with the high time 
resolution record of the 10. 5 GHz flux. For times after 1128 tlie temperature 
T 23 , instead of the mean, T, is plotted, and the average value of T 25 of the 
whole end phase is shown for comparison. The clear enliancemeut of T 25 ^vith 
respect to T 23 indicates the presence of a multithermal or non-tliermal plasma; 
this phase is ^scussed in Section 3. 4. The time variations of the temperature, 
the emission measure and the microwave flux are similar; even the microwave 
fine structure is reflected in the temperature fluctuations. 

In Figure 7 tlie correlation diagram between EM and T is shown; the arrows in- 
dicate die direction of increasing time. The data points follow almost die same 
line during rise and fall. Tills behavior supports the hypodiesis of a reversible 
flare process during the impulsive phase as found in Paper 1 from the symmetry 
between rise and fall times. The dashed line in Figure 7 is die predicted rela- 
tion between EM and T for an adiabatic heating and cooling process with an adi- 
abatic index 5/3 , corresponding to a plasma ivith an isotropic electron distribu- 
tion (see Section 5. 3. ). The good E^reement of the data widi this line shows that 
adiabatic energy transfer is consistent with the dynamic X-ray spectrum. The 
apparent isotropy of the electrons in die compressed and expanded plasma region 
does not exclude the presence of anisotropic electron beams which have escaped 
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FLUX DENSITY (keV s"' cm'2 keV' ) 



Figure 5. Hard X-ray photon energy spectrum at time of maximum in- 
tensit>'. Crosses represent tl total flux. ITie direct flux from the source 
(circles with uncertainties) is calculated by subtracting the albedo. The 
resulting spectrum is fitted to optically thin free-free emission of a single 
temperature plasma with T - 57 keV and EM = 0. 8 • 10^* cm"^ (solid line). 
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Figure 7. Correlation diagram between EM and T. The dashed-dotted line 
represents the relationship for an adiabatic process wth adiabatic index 
K = 5/3. 
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from that region. Such beams could account for the observed low frequency 
radio emission, as well as for some of the X-ray photons as a result of injection 
into a thin or thick target. In the case of tlie flare under consideration the num- 
ber of escaping electrons must be so small that the adiabatic and reversible 
character of the maximum phase is conserved. 

3.3. The Microwave Spectrum and Hare Parameters 

The excellent agreement of the X-ray and microwave time profiles implies that 
both kinds of radiation are emitted from the same region with volume V and pro- 
jected area A. Because in an isotropic compression V varies proportional to 

and given the adiabatic equation, T = constant, A T does not vary with 
time. Furthermore, because the low-frequency black-body intensity is propor- 
tional to A T f^ we arrive at the interesting conclusion that an observer looking 
at a frequency, f, at an optically thick source undergoing an isotropic, adiabatic 
change does not see a change in intensity. An interesting Dy-product of this anal- 
ysis is that the low frequency, optically thick, part of the microwave spectrum 
may be useful for studying secondary phenomena, such as time-dependent occul- 
tation of the background radiation and optically thin radiation from outer regions. 
At higher frequencies the strongly temperature dependent emissivity of gyro- 
synchrotron radiation dominates the flux variation, similar to the effect of tem- 
perature variation on the free- free emissivity in the hard X-ray range. A de- 
tailed calculation of microwave spectra, based on the work of Ramaty (1969), 
is in preparation by one of the authors (C. M. ). 

The microwave spectrum of the flare imder consideration is not well known; the 
records from Sagamore Hill Observatory are heavily distorted by interference 
due to the sun rise, and records from other observatories have an insufficient 
time resolution for a dynamic study with the exception of the 10. 5 GHz data from 
Bern, which are shown in Figures 4 and 6. 

At the time of maximum intensity the spectrum is consistent with an f ^-law near 
3 GHz, has a maximum between 5 and 9 GHz, and decays from 700 • 10”^^ Wm“^ 
Hz“^ at 10. 5 GHz to 400 • 10"^^ Wm“^ Hz"^ at 19 GHz. From the mean value of 
the reported fluxes, S(3 GHz) = 400 • 10"^^ Wm"^ Hz“^ , and the previously de- 
rived temperature T = 57 keV, we find with Formula (9) of Paper 1 that 

A = 5 • 10^8 cm^ . 

This projected area is 1/4 of the measured Ho: flare area durirg the flash phase. 
Both areas are the largest observed and derived areas of all the impulsive flares 
of Paper 1. 
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The time variation of the microwave area cannot be determined, but there is a 
clear indication that the variation of the microwave flux is slow'er at lower fre- 
quencies; in particular below 3 GHz the flux changes more slowly than tlie tem- 
perature shown in Figure 6 . If tlie source is optically thick at these frequencies, 
it is smaller at burst maximum than at other times. 

Assuming that the volume V = KA^/^ , where K is a constant of order unity in an 
isotropic geometry, we find for the maximum phase V = 10^® Kcm^ ; and with the 
emission measure EM = 8 • 10“* cm“^ the electron density is found to be n^ = 

3 ■ cm"^ . The total number of electrons is Ng = 3 • 10^*’ ; as- 

suming equipartition of energy between ions and electrons the total tliex’mal en- 
ergy is U = 8 *10^® erg. For K = 1 the density is small, but it must be 
kept in mind that we assumed the very simplified model of a homogeneous source 
with an isotropic geometry. If the source is a sheet perpendicular to the line of 
sight, K is very small, equal to the ratio of sheet thiclmess to sheet diameter. 

The microwave spectrum can also be used to determine the magnetic field 
strength in tlie flare source. The high plasma temperature keeps the microwave 
source optically thick up to high harmonics of the gyrofrequency. For such high 
temperature plasmas (T = SOkeV) of solar flare dimensions, the peak frequency 
is approximately 30 times tlie electron gyrofrequency (Drummond and Rosenbluth, 
1963). The pealc frequency of ~7 GHz implies, therefore, that the characteristic 
magnetic field of the emission region, B, is approximately 80 G. The magnetic 
energy = 2G0erg/cm^ is only three times the kinetic energy density, U/V, 

for K = 1. Since K is of order unity or less we find a situation of a high beta 
plasma, tliat is a plasma mth approximate equipartition between Idnetic and 
magnetic energies. This explains tlie irregular' fluctuations of the microwave 
signal due to the high level of magnetohydrodynamic turbulence and may be a 
clue to the instability leading to adiabatic compression. 

3.4. The Nontliermal End Phase 

During the end phase of the X-ray burst, after 1128 UT, tlie derived .temperatures 
increase ivith increasing photon energy, and in the power-law fit the absolute 
values of the derived spectral indices decrease with increasing energy. In Fig- 
ures 6 and 7 the lowest temperature has been used to describe the adiabatic 
expansion dui’ing the end phase. The temperature T 23 may be most closely re- 
lated to a physical temperature in tlie flare source because the hardening at 
higher’ energies is thought to be due to a superimposed liigh energy tail of elec- 
trons. These may be produced during or after the impulsive phase, or they may 
be a residual energetic component of electrons which are not subject to tlie adi- 
abatic deceleration. 


16 


The first explanation is supported by a possible second stage acceleration by the 
expanding shock. The existence of this shock is manifested by the type II burst 
sho\vn in Figure 3 and by tlie explosive phase of the Ho: flare. However, tlie 
post-impulsive enliancement in hard X-rays is very small compared mth other 
flares (e.g. Frost, 1969). 

Therefore the second explanation also will be considered: a natural deviation 
from a purely adiabatic behavior can occur in a flare source in wMch a few elec- 
trons are allowed to escape into an extended halo. In fact the nontliermal meter- 
wave burst during the impulsive phase shows tliat electrons escape into liigh cor- 
onal regions. During the end phase shown in Figure 6 tlie mean flux of photons 
witli energy larger than 100 keV is 5% of the flux during flare maximum. Tliere- 
fore 5% of electrons witli energies larger tlian 100 keV must escape if tlie density 
is the same in botli source and halo. The number of escaping electrons is so 
small that tlie main process still appears to be adiabatic, and the electron dis- 
tribution in the source remains close to Maxwellian. The life time of the es- 
caping electrons is determined by non-adiabatlc energy losses and may well cor- 
respond to the observed duration of the end phase, because the coUisional energy 
loss time of 100 keV electrons in a plasma with density n = 10®/cm^ is about 
100 s (Benz and Gold, 1971). The same electrons can also account for the micro- 
wave post burst phase if the flare source at burst maximum contains regions 
with high optical depth at 10. 5 GHz. Then the microwave post burst is optically 
thin gyrosynchrotron radiation in the halo. Hoyng (1975) came to the same con- 
clusion from the analysis of a flare on 1972 May 18. 

The conclusion common to both explanations for die hard post burst X-ray spec- 
trum is that the end phase is a nontliermal product of the purely thermal maxi- 
mum phase. This is exactly tlie reverse of the opinion (e.g. Kaliler, 1971) tliat 
the rapid and intense impulsive phase must be nonthermal, whereas the end phase 
is thermally relaxed. 
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4. THE FLAHE OF 1969 MARCH 1 


4. 1. General Description 

The data of the second largest flare of the impulsive bursts in Paper 1 also can 
be used to study the dynamic X-ray spectrum. The coincident Ha Hare starts 
at 2253 UT, slightly south west of the center of tlie solar disk. The flare reaches 
the maximum of importance -N only two minutes later, characterized by an ex- 
plosive phase. 

The X-ray spike burst is shown in Figure 8. Rise and fall times, defined as 
durations between maximum and 1/4 of maximum intensity, are 6. 0 and 6, 4s, 
with uncertainties of ±ls. The main spike is clearly symmetric, even the smaH 
precursor and similar end phase seem to be a pair of the same phenomenon. 

The microwave burst peaks together vath the X-ray spike, and has a very steep 
spectrum. No radiation is observed below 3. 75 GHz \Solar Geophysical Data No. 
301, Part II, 1969); the peak frequency is probably liigher than 9, 4 GHz, at which 
the maximum observed flux is 95 • 10"^^ Wm”^ Hz"^ . The lack of low frequency 
radiation implies that the flare region is restricted to low coronal heights, prob- 
ably to the transition region. 

4. 2. The Adiabatic X-ray Phase 

The hard X-ray spectrum of the flare imder consideration io very steep. It is 
even steeper tlian the directly deduced pulse height spectrum, because the finite 
energy resolution of the detector broadens the true X-ray spectrum. For the 
OSO-5 spectrometer this instrumental effect becomes important for plasma tem- 
peratures below 20keV. 

Limited information can dso be derived from steeper spectra by taking into ac- 
count the energy resolution function of the detector. Thermal spectra, enlianced 
by the photospheric albedo, were convolved Mth the Gaussian detector response 
and integrated over the widths of the channels. The result of the fit to the ob- 
served pulse height spectrum at burst maximum is shown in Figure 9. Witliin 
the statistical uncertainties the fit is consistent with a single temperature plasma 
with T = 22keV and EM = 1, 6 • 10“^^ cm“^ , The uncertainty in T is less than 
2keV. The remaining data samples have high statistical uncertainties at liigh 
energies, restricting the fit to two or three channels. This does not permit a 
determination of the spectrum, although a single temperature and emission meas- 
ure can still be derived. Tlie resulting correlation diagram between the two 
parameters is shown in Figure 10. The good agreement with the dashed line, 
representing tlie predicted correlation due to an adiabatic process, shows that 
the dynamic X-ray spectrum of the main spike is consistent ivith an adiabatic 
compression and subsequent expansion. 
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C0UNT5/SEC0ND 


1969 MAR.l 
OSO-5 X-RAY BURST 


Figiire 8. Time history of the X-ray pulse height spectrum during 
the impulsive flare of 1969 March 1. The 9 channels represent the 
energy raiiges bounded by subsequent pairs of the following values 
inkeV: 14, 28, 55, 82, 111, 141, 168, 200, 225, 254. 







PHOTON FLUX (PHOTONS s'' cm'^ keV) 



PHOTON ENERGY (keV) 


Figure 9. Hard X-ray pulse height spectrum at time of maximum in- 
tensit}'. Circles with uncertainties represent Uie data. The best fit 
thermal Sjjectrum (T = 22keV, KM = 1. 0 • 10'* ^ cm"^ ) including Uie 
photospheric albedo, and folded with the detector response, is shown 
by the solid line. 
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N MEASURE do’ cm 



TEMPERATURE (keV; 

Figure 10. Correlation diagram betw’een EM and T. The dashed-dotted 
line represents the relation for an adiabatic process \\ith adiabatic index 
K - 5/3. 
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4. 3. Flare Parameters at Time of Maximum 
and tlie Relationship to Other Flares 

The parameters at the time of maximum can be derived in tlie same way as in 
Section 3.3. For a black body of T = 22keV witli a flux of 17 • Wm"^ 
at f = 3. 75 GHz, the area of the source region is A = 0. 34 • 10 1 ® cm^ . For a 
geometry factor’ of K = 1 the volume is V = 0.2 • 10^^ cm^ , and the electron 
density is n^ = 3 • 10® cm"^ for the observed emission measure of EM = 1. 6 • 
10'^^ cm“^ . If the ion and the electron temperatures are the same, the total 
thermal energy of the flare source is U = SiicVkT = 6 • 10 erg, and the thermal 
energy density is 300 erg cm"^ . The actual geometry of tire source changes tire 
value of the parameters by powers of K, assuming homogeneous sources (see 
Section 3. 3. ). 

The magnetic field strength in tlie source region of tlie flare under consideration 
must be larger than the field of the flare on 1970 March 1, because the peak fre- 
quency is higher. Since the tliermal energy density also is Mgher by a factor of 
4, tlie plasma ^ = STm^kT/B- is similar for botli flares. It would not be surpris- 
ing if both flares were the result of tlie same plasma processes: one event talces 
place in a large volume of the corona, tlie otlier flare is situated lower, in a 
denser and smaller region with a stronger magnetic field and exliibits a corre- 
spondingly shorter duration. The relationsMps between the parameters of the two 
flares are consistent with the relationships found from die statistical analysis in 
Paper 1. This shows that the two simple impulsive events of Sections 3 and 4 
are exceptional with respect to their liigh intensity, but not witli respect to their 
spectral and dimamical characteristics. 
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5. THE SOURCE OF AN ADIABATIC FLARE 


5. 1. Properties of a Single Temperature Plasma 

The existence of single temperatu.i.e plasmas during impulsive X-ray bursts in- 
dicates that temperature gradients must be nearly absent inside the source and 
very large in the transition layer at the border. The resulting physical picture 
for the hot Rare source is a plasma confined by sharply defined walls mth good 
heat insulation. The high mobility of energetic electrons explains the single 
temperature inside this bottle. On the other hand, strong magnetic fields must 
be responsible for the sharp confinement. 

For the confining wall to resist the Mnetic pressure n^kT of the hot bottle, the 
magnetic field strength of the wall must be large enough that 

K 

~ > n„kT 

87T ® 

On the other hand, a single temperature inside the bottle indicates that the mo- 
bility of electrons is high not only along, but also across the field lines. If this 
were not the case the plasma could be divided in narrow tubes along the field 
lines. The slow drift of electrons perpendicular to the frozen-in magnetic fields 
would enable the plasma to have different temperatures in different tubes. The 
single temperature therefore means that tire magnetic field strength Bj inside the 
bottle does not govern the particle motion. Thus we have the condition 

corresponding to a high beta plasma, as deduced independently from the data. 

5.2. Favorable Situation -for Adiabatic Energy Transfer 

The confinement of plasma as described in the previous section suppresses the 
most direct heat exchange mechanism, injection and ejection of large particle 
streams. Furthermore the heat conduction due to diffusion across the magnetic 
field lines of the walls is negligible during the impulsive flare phase; thus the 
situation is favorable for adiabatic energy transfer, in which there is no heat ex- 
change with the environment. Other possible heat loss mechanisms are radiation 
and heat transfer due to wave energy passing through the wall of the bottle. 

Radiation losses from plasmas at temperatures above iOkeV are primarily free- 
free emission and gyrosynchrotron radiation. According to Cap (1970) the total 
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gyro synchrotron emission is larger than the total bremsstrahlung emission for 
temperatures higher than 6keV; however, under solar conditions, the gyrosynch- 
rotron radiation is almost completely reabsorbed by the source (see Fig. 6 of 
Drummond and Rosenbluth, 1963), and thus does not efficiently contribute to the 
heat exchange with the environment of the bottle. Only the free-free emission 
remains to be considered. For a thermal proton-electron plasma the radiadve 
cooling time, defined by 


lad 



follows from Tucker (1975). For T in vinits of keV and in units of cm~^ 


^rad 



n 


c 


Using the temperature and density (K = 1) determined for the maximum phase of 
the 1970 March 1 flare yields tj.gjj = 3 • 10® s. Even with much higher densities 
the radiation cooling time is longer than the duration of the impulsive flare phase. 
Therefore radiative energy loss can be neglected. The loss of the turbulent wave 
energy of the bottle is prevented by the steep gradients of temperature and mag- 
netic field at the boundary of the hot plasma region. The abrupt change of phys- 
ical parameters at this boundary is accompanied by jumps of the wave refractive 
indices resulting in reflection, ratlier than transmission, of the waves. There- 
fore the turbulent wave energy is trapped in the bottle also. 


One additional requirement for adiabatic behavior does not follow from the picture 
of the single temperature bottle. The motion of the confining wall must be slow 
compared with the speed of the particles. The nonrelativistic energy gain of a 
particle with initial velocity v and mass m due to an elastic head-on collision 
witla a wall of velocity v^ is given by 

AE = 2m(v ) . 

For v^ V, AE can be approximated by the term linear in v,^. This require- 
ment is certainly fulfilled for electrons, since their typical speed at a coronal 
temperature of 2 • 10® K is already 10000 km s~^ and for temperatures of the hot 
flare sources it is 10 times larger. 


For ions however the mean velocity is smaller so that in addition to the revers- 
ible term, an irreversible heating of ions takes place due to the influence of the 
v^ term. This shows that the electron plasma undergoes a reversible change of 
state, whereas the total effect of the adiabatic compression and expansion is a 
net acceleration of ions. 
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5.3. On the Adiabatic Equation 


Let us iiow consider the adiabatic equation for the relation between temperature 
and vjlume 


j “ 1 = constant , (8) 

where k is tiie adiabatic index. Tliis equation can be written in terms of directly 
observable quantities, T and EM, because tlie confinement keeps the total num- 
ber Ne = ngV of electrons constant. With EM = Ng/V we get 

T 

= constant . (9) 

1 

In a collision dominated plasma k = 5/3. Because tlie relative change A E/E of 
the energy of individual particles depends only on tlie relative change AV/V of 
the volume (e.g. Fermi, 1966) a Maxwellian distribution remains Maxwellian 
all the time. Therefore the word "collision" does not necessarily mean inter- 
particle collision, but any process wliich keeps tlie distribution isotropic. For 
example the interaction of whistler modes with electrons whose Idnetic energy, 

E, is larger than the magnetic energy per electron, B^/8nn^ , mainly serves to 
scatter the electrons witliout changing E (I^ennel and Petschek, 1966). The above 
condition is fulfilled for the majority of electrons in a high beta plasma. The 
reflection of particles at the confining walls of the plasma also randomizes the 
velocity directions if tlie reflection properties ai’e that of a rough surface. 

Conversely, if there is no scattering at all, the two adiabatic invariants, mag- 
netic moment and longitudinal invariant (e.g. Cap, 1970) are conserved. Then 
a change of the volume changes a Maxwellian to a bi- Maxwellian distribution 
function. The two temperatures T|| and Tj_, parallel and perpendicular to the 
magnetic field, are independently determined by two adiabatic equations wltli two 
adiabatic Indices K|| and xj^. For a compression parallel to the magnetic field 
K|| = 3 and = 1; for a compression perpendicular to the field (betatron accel- 
eration) X|| = 1 and Xj^ = 2; and if the geometry of the compression is isotropic 
the two equations reduce to the isotropic case with X|j = xj^ = x = 5/3. The plasma 
can be described by the double-adiabatic magnetohydrodynamic theory (Cap, 

1970). Thus it is not necessary to abandon die thermal model in a scatter-free 
situation. 
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